Abstract Wild sorghums are extremely diverse phenotypically, genetically and geographically. However, there is an apparent lack of knowledge on the genetic structure and diversity of wild sorghum populations within and between various eco-geographical regions. This is a major obstacle to both their effective conservation and potential use in breeding programs. The objective of this study was to assess the genetic diversity and structure of wild sorghum populations across a range of eco-geographical conditions in Kenya. Sixty-two wild sorghum populations collected from the 4 main sorghum growing regions in Kenya were genotyped using 18 simple sequence repeat markers. The study showed that wild sorghum is highly variable with the Coast region displaying the highest diversity. Analysis of molecular variance showed a significant variance component within and among wild sorghum populations within regions. The genetic structure of wild sorghum populations indicated that gene flow is not restricted to populations within the same geographic region. A weak regional differentiation was found among populations, reflecting human intervention in shaping wild sorghum genetic structure through seed-mediated gene flow. The sympatric occurrence of wild and cultivated sorghums coupled with extensive seed-mediated gene flow, suggests a potential crop-to-wild gene flow and vice versa across the regions. Wild sorghum displayed a mixed mating system. The wide range of estimated outcrossing rates indicate that some environmental conditions may exist where self-fertilisation is favoured while others cross-pollination is more advantageous.
Introduction
Sorghum bicolor (L.) Moench has its centre of diversity in Africa. Species S. bicolor comprises the cultivated sorghum and its closely related wild relatives with a natural range throughout Africa (de Wet 1978; Duvall and Doebley 1990) . The three recognised subspecies of S. bicolor (L.) Moench in Africa are: S. bicolor ssp. bicolor (L.) Moench (cultivated sorghum), S. bicolor ssp. verticilliflorum (Steud.) Piper (wild sorghum) and S. bicolor ssp. drummondii (steud.) de Wet (weedy sorghum) . Sorghum bicolor ssp. verticilliflorum is the most widely distributed wild sorghum in Africa. Four races are recognised within S. bicolor ssp. verticilliflorum: races aethiopicum, vigartum, arundinaceum and verticilliflorum, while two races are recognised in S. bicolor ssp. drummondii: races drummondii and hewlsonni. Several other wild sorghum species, e.g., S. almum Parodi, S. purpureoserium (Hochst. Ex A. Rich) Asch. & Schweinf, S. halepense (L.) Pers, and S. vertisicolor Andersson, are also recognised in Africa (Price et al. 2005) , however, their morphological and ecological boundaries are not well defined. In Africa, cultivated and wild sorghums have overlapping geographic distributions and are interfertile (Doggett 1988) , making it easier to utilise wild sorghum as a genetic resource in cultivated sorghum breeding programs.
Wild species of sorghum may constitute an important gene reservoir for crop sorghum improvement. For instance, Striga-resistance mechanisms such as low germination stimulant production, germination inhibition, and low haustorial initiation activity have been found in wild sorghum (Rich et al. 2004) . Furthermore, wild sorghum has novel grain starch properties that could be used to improve digestibility of crop-sorghum for intensive livestock industries (Dillon et al. 2007) . At the same time, however, cropwild sorghum hybridisation can also introduce genes into wild populations as such introgression has played a role in structuring the genetic diversity of species (Rieseberg 1997) , in the origin of new adaptations (Rieseberg 1991) , in the transfer of new adaptations between species (Rieseberg et al. 2003) , in formation of new ecotypes or species (Rieseberg 1997; Soltis and Soltis 1999) and in the evolution of invasiveness (Anttila et al. 1998; Ellstrand and Schierenbeck 2000) . Despite these possibilities, the risk of ''genetic pollution'' due to crop-wild hybridisation is minimal because farmers select their own seeds at the end of the cropping season, choosing the best plants and panicles; therefore such selection is a basic part of informal seed systems that characterise subsistence agriculture (Muteg et al. 2010) .
Studying genetic variation of wild sorghum populations in Kenya attracts special interest for several reasons. Kenya lies within the broad geographic range where sorghum is believed to have been domesticated and where the greatest genetic variation for both wild and cultivated sorghum is found (Mann et al. 1983; Doggett 1988; Muteg et al. 2010; Muraya et al. 2010) . The genetic diversity existing in wild sorghum centres of origin represents one of the world's most important natural resources for future sorghum breeding efforts and global food security. Conserving wild diversity with and through the evolutionary processes that generate variability leaves them open to change via gene flow and introgression.
Gene flow from cultivated crops to wild relatives is a risk, among others, also from genetically modified plants. The main concern is that widespread cultivation of some transgenic cultivars could accelerate the evolution of undesirable and more invasive weeds, thereby leading to biodiversity erosion or to ecosystem disequilibrium effects (Conner et al. 2003; Stewart et al. 2003; Pilson and Prendeville 2004; Hails and Morley 2005) . With regard to genetically modified (GM) crops, crop-to-wild gene flow and subsequent introgression of crop genes into wild populations raises concerns among conservationists. With appropriate DNA markers, it is possible to detect gene flow from transgenic crops, but it is difficult to predict the ecological effects of transgenes that are integrated into the different genetic backgrounds or expressed in different ecological contexts. Plants that acquire transgenes will continue to evolve, subject to natural and artificial selection pressures in the agricultural setting and beyond. A biofortified GM sorghum cultivar is being developed in Africa (http://biosorghum.org/project) and its commercial production may start in the foreseeable future. However, the risk of adverse genetic pollution from cultivated crops to wild relatives must primarily focus on the need to monitor the evolution of wild species in time and space and how the human intervention can modify their natural equilibrium. Therefore, the need to provide baseline data on the genetic diversity and structure of wild sorghum populations is both urgent and justified (Hokanson et al. 2010) .
Genetic diversity and population structure in sorghum have been estimated using various types of molecular markers (Taramino et al. 1997; Djè et al. 2000; Uptmoor et al. 2003; Anas 2004; Menz et al. 2004; Folkertsma et al. 2005; Barnaud et al. 2007 ). In general, these studies showed greater genetic variability and significant differentiation among cultivated sorghum. Unfortunately, most of the documented studies only dealt with diversity in cultivated sorghum. Considering that gene flow is a key evolutionary factor affecting the structure of the genetic diversity of wild sorghum populations, this study assessed the genetic diversity and structure of wild sorghum populations across a range of eco-geographical conditions in Kenya. This was achieved by analysis of wild sorghum populations sampled in the four main sorghum growing regions with a set of 18 simple sequence repeat (SSR syn. microsatellite) markers.
Materials and methods

Sample collection
A field survey was conducted between June and August 2006 in the four main sorghum growing regions in Kenya (Fig. 1 ) along an east-west transect, stopping at every 50 m fall in altitude. The latitude, longitude and elevation of all sampling sites were recorded using a Global Positioning System (GPS). A questionnaire and direct observations were used to record additional data on each wild sorghum population. Panicle compactness and shape, inflorescence exertion, awn at maturity, glume colour, glume hairiness, glume hair colour, grain cover, grain colour, grain plumpness and shattering were recorded using published sorghum descriptors (IBPGR/ICRISAT 1993; Table S1 ). This data were used to compute phenotypic distance matrices. At each sampling site, 30 panicles of wild sorghum were collected from individual plants, at least 1 m apart. In total, 107 populations were sampled consisting of 28, 22, 33 and 24 populations from Turkana, Western, Coast and Eastern regions, respectively. However, they could not be classified clearly into races and/or species because wild sorghum has previously been classified according to phenotypic traits (de Wet and Harlan 1971; Harlan and de Wet 1972; Doggett 1988) , which varies continuously and are not reliable in taxonomy, resulting in a loose classification. We also collected some 'weedy sorghums' (see Table S2 ), which could possibly have resulted from introgression of crop genes with selective advantages into a wild population (S. bicolor ssp. drummondii) or from stabilised populations resulting from different wild species crosses.
Selection of populations for molecular and phenotypic diversity studies
From the 107 wild sorghum populations collected, 62 were chosen for this study (17, 12, 19 and 14 populations from Turkana, Western, Coast and Eastern, respectively). Selection was based on population size at each sampling site and the proportionate coverage of the four sampling regions (Table S2 ). Populations with estimated N [ 500 individual plants at the sampling site were selected. One offspring from each of 24 plants (panicles) per population was genotyped, giving a total of 1,488 individuals genotyped across all populations.
Molecular genetic studies
DNA extraction
For DNA extraction seedlings were raised in a greenhouse at the University of Hohenheim in April 2007. In the third leaf stage, leaf tissue was harvested and lyophilised. Total genomic DNA was extracted using a modified CTAB protocol (Mace et al. 2003) . Concentration and quality of the extracted DNA was assessed with electrophoresis of 1 ll of DNA on a 0.7% agarose gel followed by normalisation of the concentration to 50 ng/ll.
Polymerase chain reaction and fragment analyses
Eighteen sorghum SSR primers of known map location and distributed throughout the ten linkage groups were used for genotyping (Table S3 ). Forward primers were labelled with FAM, HEX or TET, allowing multiplexing of primer products into six groups of three each. PCR was performed in 20 ll containing 19 PCR buffer (20 mM Tris-HCl (pH 8.4), 50 mM KCl), 1.5 mM MgCl 2 , 0.25 lM of each fluorescent labelled forward and unlabelled reverse primers, 0.2 mM dNTPs, 0.5 U of Taq polymerase and 100 ng template DNA. The amplification reaction consisted of a denaturing step for 3 min at 94°C, followed by 40 cycles of 94°C for 1 min, annealing at 55°C or 62°C (depending on SSR primers) for 1 min, extension at 72°C for 1 min followed by terminal extension at 72°C for 10 min using a MJResearch icl PTC-100 thermocycler. Fragments were analysed on an automated sequencer (MegaBACE). Reference genotype BTX 623 was included as control on each plate to confirm the reproducibility of allele sizes.
Diversity analysis
The level of polymorphism at each locus was calculated according to Botstein et al. (1980) and polymorphic information content (PIC) determined as:
where p i and p j are the frequencies of alleles i and j, respectively. PowerMarker v. 3.25 (Liu and Muse 2005) was used to calculate the PIC and inbreeding coefficient for each marker as well as the average across markers. The total number of alleles, rare alleles, allelic richness and private allelic richness were calculated for each locus, population and region using HP-RARE 1.2 (Kalinowski 2005 ). Nei's (1987) unbiased gene diversity or expected heterozygosity, and observed heterozygosity were estimated for each locus, population and region using the software GENETIX 4.05 (Belkhir et al. 2004 ). The significance of allelic richness, private allelic richness and gene diversity among populations and regions was explored using the KruskalWallis test in R (R Development Core Team 2008). To explore differentiation among populations and regions, F statistics parameters (F IS , F IT and F ST ) were estimated in GENETIX 4.05 (Belkhir et al. 2004) . F IS , the inbreeding coefficient, describes the divergence of observed heterozygosity from expected heterozygosity within the population assuming panmixia. F IT , the overall inbreeding coefficient, describes the reduction of heterozygosity within individuals relative to the total population due to non-random mating within subpopulation (F IS ) and population subdivision (F ST ). F ST , the fixation index, describes the reduction in heterozygosity within population relative to total population due to selection or drift (Lowe et al. 2004 ).
Estimation of equilibrium outcrossing rates
Twenty-four individuals per population were used to compute estimates of equilibrium outcrossing rate (t e ) as follows:
where F is the inbreeding coefficient which was computed according to Weir (1996) . Correlation between t e and panicle compactness and shape were also computed. In our case the ''inbreeding'' coefficient is an estimate which relates to the relative equilibrium heterozygosity of a single local population and the mean across several such populations within a region (Table 2) corresponds to the ''fixation'' index F IS in Table 3 .
Analysis of molecular variance (AMOVA)
The molecular genetic variation between and within populations was analysed by AMOVA using the Arlequin v 3.1 (Excoffier et al. 2006 ) with 10,000 permutations to obtain reliable variance components. Two types of AMOVA were conducted based on (a) grouping populations according to the regions where they were collected, and (b) the population clusters obtained by STRUCTURE analysis.
Population structure
The software STRUCTURE (Pritchard et al. 2000 (Pritchard et al. , 2007 was used to analyse the population structure based on the admixture model where each individual draws some fraction of its genome from each of the K populations. This method is useful to identify gene flow events since individuals whose genotypes indicate admixture are assigned jointly to two or more populations. The correlated allele frequencies model (Falush et al. 2003 ) which often improves clustering for closely related populations was used. Twenty-five runs of STRUCTURE were carried out for each set of K sub-populations, with K values from 2 to 10. The choice of the number of K (2-10) was based on information obtained from the National Gene Bank of Kenya (NGBK), which indicated that there exist about eight distinct wild morphotypes in Kenya. For each run, both the burn-in length and number of replications were set at 100,000 iterations according to Pritchard et al. (2000) . The number of sub-populations was determined according to Evanno et al. (2005) . The Bayesian genotypic clustering method InStruct (Gao et al. 2007 ) was used to validate population-based approaches and to infer population structure using an extended Bayesian clustering approach of STRUCTURE (Pritchard et al. 2000) that absorbs inbreeding or selfing rate for population inference. It quantifies the contribution of two forms of non-random mating-inbreeding and population substructure-when determining the pattern of existing genetic variation (Gao et al. 2007 ). InStruct was run for K = 2 to K = 5 in mode 2 for joint inference of population selfing rate and population substructure for five independent chains, each with 200,000 iteration steps, 100,000 burn-ins, and a thinning interval of ten steps, assuming different starting points. The K value was allowed to vary between two and five since the ad hoc Evanno et al. (2005) criteria has indicated an optimum value of K = 5 using the STRUCTURE. Cluster analysis of both molecular and phenotypic data was based on the neighbour-joining method implemented in MEGA v 4.0 (Tamura et al. 2006 ).
Spatial genetic structure
Country-scale spatial genetic structure of wild sorghum was analysed SPAGeDi v 1.2 (Hardy and Vekemans 2002) using two approaches: (1) the method of Rousset (1997) , based on the computation of a linear regression of pairwise F ST /(1-F ST ) estimates to the natural logarithm of geographic distances between pairs of populations, and (2) the method of Loiselle et al. (1995) , based on the linear regression of pairwise kinship (Fij) to the natural logarithm of geographic distances between pairs of individuals. The significance of the regression slope was computed using 1,000 permutations under the null hypotheses of random relationship among populations and individuals, respectively, for each method.
Isolation by Distance Web Service software (IBDWS; Bohonak 2002) was used to determine whether there is a statistically significant relationship between the genetic and geographic distance matrix. IBDWS calculates the slope and intercept of the relationship using reduced major axis (RMA) regression. The deviation from the slope and intercept were estimated using standard linear approximations with a one-delete jackknife across population pairs (Bohonak 2002) .
Correlation between genetic, phenotypic diversity and geographic distance matrices Mantel (1967) test was used to test for significance of correlation between the genetic and phenotypic distance matrices. It is implemented in the Tools for Population Genetic Analysis (TFPGA) v 1.3 (Miller 2000) . In addition, a Mantel test (Manly 1994) implemented in FSTAT v. 2.9.3.2 (Goudet 2002 ) was used to compare genetic and geographical distances matrices.
Results
Polymorphism of SSR markers
In total, 481 alleles were observed for the 18 SSR markers across all 62 populations, of which 351 (73%) were rare ( Table 1 ). The number of alleles per locus ranged from 16 to 40 with a mean value of 27. All SSR loci scored were Genetic structure of wild sorghum populations
Estimates of F IS , F IT and F ST were significant (p \ 0.001) at both population and region level (Table 3) . AMOVA also indicated significant genetic differences among regions and among populations within regions (Table 4) . The pertinent variance components within and among populations within regions were more or less equal. Genetic variation attributable to regions was low but also significant. Populations were better discriminated using STRUCTURE analysis resultant clusters (12.52%) than region where they were collected (7.58%; Table 4 ). STRUCTURE analysis predicted K = 5 as the optimum number of sub-populations, revealing that at least five distinct wild sorghum groups exist in the studied regions (Fig. 2) . Most populations from Turkana belonged to one of these groups. In contrast, Coast populations were highly heterogeneous comprising sizable portions of each of the five groups. Western populations belong mainly to two groups and Eastern populations to three. Analysis with InStruct did not display much deviation in genetic structure patterns of wild sorghum populations compared to that of STRUCTURE (Fig. S4) .
Cluster analysis based on modified Rogers distances estimated from the genotyping data revealed five groups, consisting of three major groups (designated i, iii and iv) and two minor groups (designated ii and v; Fig. 3a) . The Neighbour-Joining dendrogram revealed that most of the populations clustered closely according to their regions of origin with few overlaps. It confirmed that Turkana populations were strongly differentiated. Whereas populations from Turkana, Western and Coast regions showed relatively close groupings, those from the Eastern region were scattered across the three clusters (Fig. 3a) . The dendrogram of the hierarchical cluster analysis using ten phenotypic traits deviated considerably from the markerbased dendrogram (Fig. 3b) . Turkana populations clustered into three groups with a few populations scattered across the other clusters. Coast populations were scattered across all clusters. Western and Eastern populations clustered into two and three groups, respectively, with a few populations of each scattered across all the other clusters. The correlation between molecular and phenotypic clustering (genetic matrices), was low but significant (r = 0.1344; p = 0.003).
Spatial genetic structure
Rousette distance measure, F ST /(1-F ST ) ratio, increased with logarithmic distance with a significant slope (slope = 0.06, p \ 0.001; Fig. 4a, b) . Likewise, Loiselle pairwise kinship coefficient at individual level show strong spatial structure (Fig. 4c ). Wild sorghum populations had a mean regression slope (blog) value of -0.023 (p \ 0.001) and coefficient of determination value (r 2 ) of 0.091 for Loissele pairwise kinship. Furthermore, isolation by distance displayed a loose relationship between the Modified Roger's Distance and the geographic distance of population pairs (Fig. 5) . The slope of the log 10 transformed regression was 0.13 (SE = 0.003) and the regression line explained 18% of the log 10 (MRD) variation. The slope was not significantly different (p = 0.05) from zero. A mantel test indicated a significant relationship between genetic distance and geographic distance (in kilometre) matrices (r 2 = 0.053, p = 0.0005).
Mating systems in wild sorghum populations
Inbreeding coefficients ranged from 0.02 to 0.88 (Table 2) . Coast populations displayed the highest mean value for inbreeding depression (0.61) and Turkana the lowest (0.35). The indirect equilibrium estimates of the outcrossing rate (t e ) ranged from 0.06 to 0.96. Turkana population had the highest t e (0.50) and Coast had the lowest (0.26). There was significant correlation between altitude and t e (r = 0.28, p [ 0.0001).
Discussion
Genetic diversity of wild sorghum populations
To the best of our knowledge this study describes for the first time in Kenya, genetic diversity and population structure of wild sorghum. The PCR product size ranges of the 18 SSR markers were greater than those reported previously (Brown et al. 1996; Taramino et al. 1997; Kong et al. 2000; Schloss et al. 2002) and may be because most earlier studies concentrated on cultivated sorghum and different geographic origins. Djè et al. (2000) and Manzelli et al. (2007) reported different size ranges of PCR products even in cultivated sorghum when using accessions from various countries. Kenyan wild sorghum displayed high genetic variability both among and within regions (Tables 2, 3, 4) . Muraya et al. (2010) also found that Kenyan wild sorghum displays high phenotypic variation. However, the high degree of diversity observed at the molecular level among and within populations had a low correlation with observed phenotypic data. Genetic diversity was lower than found earlier by Casa et al. (2005) . However, comparisons of genetic diversity between studies are difficult, since diversity statistics depend on the sampling schemes (single plant or DNA bulk), the number and type of surveyed markers, the polymorphic information content (PIC) of the markers, and the location of the markers in the genome. The extensive diversity among populations within ecogeographic regions (Table 2) as was found in this study indicate the likely co-existence of different wild types in the same region. Muraya et al. (2010) reported that two or more species of wild sorghum can be found in the same region. Furthermore, more than one race of S. bicolor spp. verticilliflorum, S. (races aethiopicum, verticilliflorum, and arundinaceum but not virgatum) have been found in the same region where this study collected samples ).
Genetic structure of wild sorghum populations Analysis of molecular variance showed moderate differentiation between geographic regions but high among populations within regions and among individuals within populations (Table 3) Theor Appl Genet (2011) 123:571-583 579 ( Fig. 2) suggest that there might be two centres of diversity of wild sorghum in Kenya, namely Turkana and Western regions and that gene flow from these regions considerably contributed to the diversity of the Eastern and Coast populations (Fig. 2) . The weak regional differentiation can be explained by the traditional agricultural practices in sorghum growing areas where wild sorghum is frequently used for fodder or for grazing. Seed dispersal of wild sorghum may have occurred through movement of fodder, manure, animals and/or exchange of cultivated-wild seed admixtures, enabling wild seeds to travel over long distances and even overcome geographic boundaries. Questionnaires completed by farmers revealed a frequent exchange of seed and other farming related inputs (such as manure and fodder) between relatives (Muteg et al. 2010) . A weak regional differentiation of cultivated sorghum in the centre of origin that has been reported using qualitative morphological traits (Ayana and Bekele 1998) and molecular markers (Ayana et al. 2000) , support this theory.
In our study, the genetic structure of wild sorghum populations could most plausibly be attributed to seedmediated gene flow from region to region since structure analysis showed that Coast populations contained alleles from all other regions (Fig. 2) . This was confirmed by personal communication with sorghum farmers during our survey in Coast region. The majority of farmers are immigrants, mainly from the Western and lower Eastern regions of Kenya, who brought their sorghum seeds with them from as far as districts neighbouring the Turkana region, a distance of almost 1,000 km (Fig. 1) . This may also explain why Coast region showed the highest diversity (Table 2 ). In addition, the high levels of diversity found within populations are also most likely caused by seedmediated gene flow. Muteg et al. (2010) also found substantial exchange of cultivated sorghum seeds between adjacent villages, which could lead to long distance seed dispersal as seeds are moved from one village to the next, which can also be coupled with pollen-mediated gene flow. Though not investigated in this study, we cannot rule out pollen-mediated gene flow between wild and cultivated sorghums as a factor shaping genetic diversity and structure of wild sorghum populations. In fact, we observed many wild-cultivated-weedy complexes in both cultivated and fallow sorghum fields.
Cluster analysis illustrated how difficult it is to classify wild sorghum. Using phenotypic traits, wild sorghum can somehow be resolved into races and/or species on a regional basis, but at the national level a poor agreement between phenotypic and molecular distance measures make it difficult to resolve wild sorghum populations into races and/or species. The most obvious reason is that most of the traits that were used to discriminate wild sorghum in the past, such as plant height, leaf and panicle size, are quantitative and generally not reliable as they are influenced by the environment. Another possible reason for the classification problem is the vast amount of variation manifested within wild sorghum populations and the possibility of finding several taxa within a single population (Snowden 1936) , implying that distinct ecotypes of the same race may occur in different regions due to regional adaptation.
Spatial genetic structure
Wild sorghum populations displayed a strong spatial genetic structure, which can be due to several factors, including gene flow-both seed-and pollen-mediated. In plant populations, spatial distribution of genetic variation will primarily be determined by seed and pollen dispersal, habitat distribution, micro-environment mediated selection and genetic drift (Levin and Kerster 1974; Epperson 1993) . Seed and pollen dispersal causes relatedness among populations within sympatric range, while distant populations will be differentiated (Sokal and Oden 1978; Epperson 1993 Epperson , 2004 . Our study revealed long distance seed-mediated gene flow. Muteg et al. (2010) also showed incidences of medium to long distance seed exchanges in cultivated sorghum, mainly through inter-ethnic marriage relationships. A near identical pattern of spatial genetic structure in cultivated and wild sorghum would be expected due to inadvertent establishment of wild sorghum seed via cultivated sorghum seed systems and pollen-mediated wildcultivated genes in areas of sympatric occurrence.
Moreover, a pattern of isolation by distance was observed with a large amount of variation over short distances, suggesting that the populations are at disequilibrium (Slatkin 1993) . In addition, the lack of a strong pattern of isolation by distance may imply that the populations have only recently been introduced. Furthermore, gene flow that occurred after subpopulations were in place would have obscured patterns that might have existed before. Though isolation by distance may be caused by drift and/or regional adaptation, in our case we believe that it was caused by regional adaptation.
Mating systems in wild sorghum populations Indirect equilibrium estimates of outcrosssing rates for the 62 wild sorghum populations collected in the four distinct regions indicated that wild sorghum exhibits a mixed mating system. Muraya et al. (2011) observed a similar trend in multi-locus outcrossing rates among 12 populations (250 progenies per population) collected from the same regions. The outcrossing rates were higher than those reported for cultivated sorghum. For example, Djé et al. (2004) reported outcrossing rates in cultivated sorghum in Morocco of 7-16%, whereas Barnaud et al. (2008) reported 5-40% for sorghum landraces in Cameroon. In Kenya, outcrossing rates of 5-7% have been reported in cultivated sorghum (Rabbi et al. 2010) . The high values of t e indicate that pollen-mediated gene flow within and among populations is not restricted since hybridisation is possible between interfertile wild sorghum species (Doggett 1988) . The wide range of estimated outcrossing rates in wild sorghum populations suggest that environmental conditions may exist under which fitness is favoured by outcrossing and others under which selfing is more advantageous. In general, a flexible mating system should be more favourable for natural populations which are subdivided into small isolated units. Wild sorghum populations are often small and may benefit from cross-pollination as a way of mitigating genetic drift. Selfing is advantageous for solitary plants if no other pollen is around; in contrast, outcrossing allows for heterosis and the production of genetically variable offspring. A flexible mating system may enable self-compatible plants to take advantage of self-fertilisation or cross-pollination depending on the existing environmental conditions.
Conclusion
Wild sorghum is widely distributed in Kenya and display extensive phenotypic and genetic diversity. It was found to show a weak regional differentiation, reflecting the importance of human intervention in shaping the population structure through seed-mediated gene flow, which can render geographical boundaries irrelevant. The sympatric occurrence of cultivated and wild sorghums (Table S2) coupled with the extensive seed-mediated gene flow and high outcrossing rates of wild sorghum found in this study indicate that there is potential of crop gene flow into wild sorghum populations and vice versa. Therefore, introduction of genetically modified cultivars with transgenes that can confer a selective advantage in the wild through pollenmediated gene flow into wild relatives may have adverse ecological effects via enhanced weediness and/or eventual extinction of wild types. It is worth noting that studies on the importance of farmer practices in shaping their living environment are few, despite their significance for strategies to be implemented in the future to strengthen subsistence agriculture and, as consequence, food security.
